Rich ecotype collections are used for several plant models to unravel the molecular causes of phenotypic differences, and to investigate the effects of environmental adaption and acclimation. For the model moss Physcomitrella patens collections of accessions are available, and have been used for phylogenetic and taxonomic studies, for example, but few have been investigated further for phenotypic differences. Here, we focus on the Reute accession and provide expression profiling and comparative developmental data for several stages of sporophyte development, as well as information on genetic variation via genomic sequencing. We analysed cross-technology and cross-laboratory data to define a confident set of 15 mature sporophytespecific genes. We find that the standard laboratory strain Gransden produces fewer sporophytes than Reute or Villersexel, although gametangia develop with the same time course and do not show evident morphological differences. Reute exhibits less genetic variation relative to Gransden than Villersexel, yet we found variation between Gransden and Reute in the expression profiles of several genes, as well as variation hot spots and genes that appear to evolve under positive Darwinian selection. We analyzed expression differences between the ecotypes for selected candidate genes in the GRAS transcription factor family, the chalcone synthase family and in genes involved in cell wall modification that are potentially related to phenotypic differences. We confirm that Reute is a P. patens ecotype, and suggest its use for reverse-genetics studies that involve progression through the life cycle and multiple generations.
INTRODUCTION The model moss
The moss Physcomitrella patens belongs to the Funariaceae with type species Funaria hygrometrica, which has been used for physiological studies for more than half a century (Bryan, 1957; Krupa, 1967) . Whereas P. patens has been used for similar studies starting nearly as long ago (Engel, 1968) , the last decade has seen the completion of the nuclear genome sequence and the development of a plethora of tools for this organism (Reski and Cove, 2004; Frank et al., 2005; Quatrano et al., 2007; Kamisugi et al., 2008; Lang et al., 2008; Prigge and Bezanilla, 2010) . Today, P. patens is one of the primary plant models for evolutionary developmental and comparative studies (e.g. Mosquna et al., 2009; Okano et al., 2009; Khandelwal et al., 2010; Sakakibara et al., 2013; Horst et al., 2016) , and is also employed to study physiology, genome evolution and homologous recombination (e.g. Rensing et al., 2012; Beike et al., 2014 Beike et al., , 2015 Charlot et al., 2014) .
Worldwide accessions
Physcomitrella has been described to occur in North America, Europe, Africa, China, Japan and Australia (Frey et al., 2009) , and is distributed in the land masses of the Holarctic (Medina et al., 2015) . In total, 20 P. patens accessions, four Physcomitrella magdalenae accessions and 15 Physcomitrella readeri accessions have been described, and accessions from all these locations have been cultured axenically in vitro (von Stackelberg et al., 2006; Beike et al., 2010 Beike et al., , 2014 McDaniel et al., 2010; Medina et al., 2015) . The single spore isolated near Gransden Wood (Cambridge, UK) by Whitehouse in 1962 was used initially for in vitro culture (Engel, 1968) , and became the worldwide laboratory strain P. patens Gransden, the genome of which was sequenced by Rensing et al. (2008) . In addition, the genetically divergent (von Stackelberg et al., 2006) isolate Villersexel K3 (Haute Saône, France; collected by L€ uth 2003) was used to generate a genetic map through crossing with Gransden (Kamisugi et al., 2008) . The accession Reute was collected by L€ uth in 2006 close to Freiburg im Breisgau, Germany, from a moist, disturbed field. Its marker-based genetic distance to Gransden is less than that of Villersexel, and all three accessions can be crossed with each other (von Stackelberg et al., 2006; McDaniel et al., 2010; Perroud et al., 2011; Beike et al., 2014) . Such crosses produce viable offspring and have been successfully used to generate a genetic map (Kamisugi et al., 2008) and in forward genetics (Stevenson et al., 2016) .
Sexual reproduction and life cycle
The induction of P. patens gametangia development by low temperature is well established, with incubation at 17°C leading to gametangia development within 7-14 days (Engel, 1968; Nakosteen and Hughes, 1978) . The additional shortening of day length and reduction in light intensity further increases the frequency of gametangia (female archegonia, male antheridia) formation in Gransden, with optimal laboratory induction conditions being 15°C, an 8-h photoperiod and 20 lmol m À2 s À1 (Hohe et al., 2002) , mimicking a spring or autumn day. Buds were formed 5-7 days after spore germination, gametophores were formed after 11-13 days, and mature spore capsules were formed 21-28 days after induction on agar (Nakosteen and Hughes, 1978; Ortiz-Ramirez et al., 2015) . As antheridia mature earlier than archegonia (Nakosteen and Hughes, 1978) , selfing will occur if fertilization by sperm from other plants has failed. Physcomitrella patens is known to show a low rate of out-crossing and is predominantly self-fertilising (Perroud et al., 2011) , but the haploid moss is able to efficiently purge deleterious mutations (Szovenyi et al., 2014) . Bryophyte spores can survive decades in mud or herbaria (Glime, 2007) . For example, spore viability in F. hygrometrica was demonstrated after 11 years (Hoffmann, 1970) . Moss spore germination can be induced by light, but the quality of the light and the quantity necessary for spore germination is likely to depend on the habitat, e.g. under a canopy versus out in the open, whereas the optimum germination temperature can vary in populations of the same species (Glime, 2007) . Spore germination in P. patens appears to be suppressed by ultraviolet B (UV-B) irradiation in a dose-dependent manner (Wolf et al., 2010) , is completely inhibited by a pulse of far-red light (Possart and Hiltbrunner, 2013) or elevated temperature (Vesty et al., 2016) , and depends on phytohormone regulation (Vesty et al., 2016) . On agar, spores usually germinate within 3 days (Nakosteen and Hughes, 1978) . Physcomitrella patens spores are 30 lm in diameter, and around 8000-16 000 are contained per capsule (Nakosteen and Hughes, 1978) .
Transcriptome analyses
Numerous transcriptomic analyses have been performed, using microarrays based on annotation v1.1 or earlier to analyse ABA, drought stress responses and sporophyte development (Cuming et al., 2007; Komatsu et al., 2009; O'Donoghue et al., 2013) , followed by a design based on v1.2 analysing different abiotic stresses and developmental stages (Wolf et al., 2010; Busch et al., 2013; Hiss et al., 2014; Beike et al., 2015) . More recently, based on v1.6 (Zimmer et al., 2013) , array analyses looked into developmental progression and mutants (Ortiz-Ramirez et al., 2015; Yaari et al., 2015) . Although the array designs were based on Gransden, for which the complete genome sequence is available , the Villersexel ecotype was successfully hybridized to microarrays (O'Donoghue et al., 2013) . With the advances in next-generation sequencing technologies, high-throughput cDNA sequencing (RNA-seq) is now frequently used to measure expression strength and to detect differentially expressed genes (DEGs). In P. patens, RNA-seq studies (Table S1) have described the development from protoplasts to protonema, and further on to gametophores (Xiao et al., 2011 (Xiao et al., , 2012 , but not yet the development of sporophytes. Recently, the flagship Gene Atlas initiative by the U.S. Department of Energy (DoE), has undertaken deep RNAseq sequencing to cover the most common developmental stages and perturbations. The moss P. patens is one of seven plant 'flagship' organisms (http://jgi.doe.gov/ourscience/science-programs/plant-genomics/plant-flagship-ge nomes/) tackled in the Gene Atlas project.
In this study we have compared the sexual reproduction of the Reute ecotype with that of Gransden and Villersexel. We provide and compare transcriptome data of sporophyte development, and have performed comparative molecular variant analyses on the three ecotypes. Thus we introduce the Reute ecotype for reverse-genetics studies that involve progression through the life cycle, overcoming problems that many labs face in using Gransden for such studies.
RESULTS AND DISCUSSION

Reute natural conditions
The accession Reute was collected close to Freiburg, Germany, by L€ uth in 2006 ( Figure S1a ). In November 2006 and in October 2008 mature sporophytes were found on a field that is ploughed in autumn, typically in September or October, probably thus exposing spore capsules resting in the soil (Beike et al., 2014) . Wet conditions (residual water in furrows) combined with shortened day length induce spore germination and subsequently sporophyte development. Average temperatures 5 cm above the soil were found to be 1 AE 3°C from October to December in the years 2006-2015, and in some cases temperatures below 0°C were recorded causing frost coverage ( Figure S1b ). Daily rainfall was between 0 and 6 mm ( Figure S1c) , with an average of 2.3 mm per day or 71.9 mm per month. As the field is not shaded, direct sunlight reaches the site ( Figure S1b ): the light fluence rate in November was measured at >100 lmol m À2 s À1 (with cloud cover) and >700 lmol m À2 s À1 (without cloud cover). The natural conditions of growth and sporophyte/spore development of Reute are thus cold temperatures slightly above freezing, wet environment and short days, albeit with direct sunlight, and thus higher light fluence, including UV-B, than a forest floor moss would experience, for example. Noteably, Gransden (although collected at a similar site from furrows of a ploughed field) would experience different weather conditions than Reute, with both less rain and less sun in October at Gransden Wood than at Reute, for example ( Figure S2 ; Table S2 ). Although the high light conditions found at the Reute site differ from those used to promote sexual reproduction in the laboratory, it should be noted that day length and lower temperature have a larger impact than light fluence rate (Hohe et al., 2002) , which is in line with the weather conditions as found at the Reute site in autumn.
Gametangia and sporophyte development
A number of laboratories working with the sequenced 'Gransden 2004' strain observed a low rate of sporophyte production (Ashton and Raju, 2000; Landberg et al., 2013) and instead used Villersexel to study genome-wide expression patterns during sporophyte development (Landberg et al., 2013; O'Donoghue et al., 2013) ; however, gametangia and sporophytes do not show any evident morphological differences among Reute, Gransden and Villersexel in axenic in vitro culture (gametophore/sporophyte n = 4908/3700 for Reute, 2965/191 for Gransden and 1529/1137 for Villersexel). Archegonia of all three ecotypes ( Figure 1 ) comprise a flask shaped egg cell-containing venter (bracket) and tubular neck canal cells (nc) with no visible aberration. Also, antheridia of these three ecotypes show no visible distinctions, growing in septate bundles at the apex of the gametophore (Figure 1a-c, lower panels) . Sporophyte development occurs as described for Gransden (Sakakibara et al., 2008) .
The time point at which mature gametangia can be found at the gametophore apex in Reute does not differ from Gransden and Villersexel. Under the growth conditions applied here, most apices of all ecotypes carry mature gametangia at day 19-21 after transfer to short-day conditions. If fully developed gametangia are present, watering leads to synchronized fertilization, as the flagellated antherozoids (spermatozoids/sperm cells) need liquid water in order to swim to the archegonia. At 7-10 days after watering (7-10 daw) a pre-meiotic, elongated and inflated early sporophyte (Figure 1e , ES) is observed. At 9-15 daw spore mother cells (SMCs) are formed in a now spherical, translucent green sporophyte (Figure 1e , PM). SMCs undergo meiosis at around 14-15 daw, and the sporophyte turns from translucent to opaque green (Figure Reute demonstrates a sporophyte development frequency that is comparable with Villersexel ( Figure 1d ; median sporophytes per gametophore in Villersexel, 77%, and Reute, 77%), and is therefore well suited for studies focusing on sexual reproduction, fertilization, embryogenesis and sporophyte development. The sporophyte development frequency of Reute versus Gransden and Villersexel versus Gransden differs significantly, however (Wilcoxon rank tests, P < 0.01; median/mean sporophytes per gametophore Reute, 77/80%, Villersexel, 77/80%, and Gransden, 5/6%). While gametangia and sporophytes show no morphological differences and develop at the same rate in all ecotypes, Gransden clearly differs significantly in the number of developed sporophytes compared with Reute and Villersexel. Such phenotypic differences, along with their distinct geographic location and their ability to interbreed are hallmarks of distinct ecotypes.
There are several possible explanations for the observed differences. There may be genetic or epigenetic differences between Gransden and Villersexel that account for this. As only the frequency of sporophyte development appears different there could be a failure of fertilization: either spermatozoids might not be released from Gransden antheridia or they might be less motile. Archegonial development might be affected: during ripening, the archegonial tip cell and inner canal cells degrade (Landberg et al., 2013) to free the way for the entering spermatozoids, a developmental step that might be disrupted. Fertilization or early development of the zygote could be aberrant. A defect during later embryogenesis can be excluded, as no late-stage aborted embryos or sporophytes could be observed. Although the nature of the difference is not the focus of this study, future research might point out why the frequency of sporophyte development differs.
It was suggested that prolonged vegetative cultivation may be the cause for a loss in fertility (Ashton and Raju, 2000) , but conditions for sporophyte induction (vessels, substrates, light, temperature) do vary between labs. The conditions used here are adopted from those originally established for Gransden (Hohe et al., 2002) .
Analysis of Reute gametangia and sporophyte development
To address the possibilities described above, we conducted a more detailed developmental analysis. For the Reute ecotype, as is generally known for P. patens (Landberg et al., 2013) , immature and mature archegonia can be distinguished via the opening of the archegonial tip (Figure 2a,i) . This enables spermatozoids to enter and reach the egg cell in the archegonial venter (Figure 2d , arrowhead). During growth and ripening, antheridia undergo an increase of cell size and change color from green (immature; Figure 2b The plot is median-centred, with the grey box representing 50% of the measurements. The whiskers end with the last value in the 1.5 interquartile range (IQR). The edged area shows the distribution of measurements. Sporophyte development of Reute median: 77% versus Gransden 5%. Sporophyte development of Villersexel median: 77% versus Gransden 5%. Differences are significant (Wilcoxon rank test, P < 0.01; marked by asterisk), whereas Reute and Villersexel show a comparable proportion of sporophytes (Wilcoxon rank test, P = 0.84). (e) Reute sporophyte developmental stages (scale bars: 500 lm), with corresponding spore stages, stained with acetocarmine (scale bars: 50 lm). ES (early sporophyte): elongated premeiotic sporophyte with calyptra (C) and developing seta (S). PM (premeiotic): spherically shaped premeiotic translucent green sporophyte containing spore mother cells, with developed seta (S, brown area). M (meiotic): postmeiotic opaque green sporophyte, cellular content shows spore mother cells with tetrads after metaphase II of meiosis. Y: yellow sporophyte, including ripening spore mother cells. LB: light-brown sporophyte with spores surrounded by a visible spore coat. B: mature brown sporophyte without calyptra, containing mature spores.
occur, not only as the transport medium for the flagellated spermatozoids, but also for their release, as the water is taken up by the antheridial tip cells, causing them to swell and finally burst to release spermatozoids (Figure 2c, h, arrowheads) . Figure 2 (e) shows an early antheridial stage, at which anticlinal cell division can be observed. In the mature archegonium the elongated outer neck canal cells can be seen clearly (Figure 2f , light green, arrowhead), as well as a paraphysis (a sterile organ consisting of elongated cells with a swollen apical cell; Figure 2f ,i, blue). In Figure 2 (g) a sporophyte with detached calyptra is shown from the top, and the distribution of the outer sporophytic cells can be observed with several cells having recently divided. In opened sporophytes the cellular content can be observed (Figure 2j , ochre). In summary, the detailed analysis of Reute gametangia and sporophyte development confirms its similarity with that of Gransden, including the presence of paraphyses and details of archegonial/antheridial growth (Landberg et al., 2013) .
Expression differences between Gransden and Reute gametophores
To determine whether -despite similar developmentthere are differences in gene expression, we analysed expression profiles. To find differences in gene expression between Gransden and Reute, Hiss et al. (2014) performed a whole transcriptome microarray analysis of gametophores with developed gametangia (adult gametophores) for both ecotypes. Here, we analyze these data and find 262 DEGs (Appendix S2), 250 of which were found to show lower and 12 of which were found to show higher expression in the Reute ecotype, when compared with Gransden. Of particular interest are transcription factors (TFs) and transcriptional regulators (TRs) that are differentially expressed between the two ecotypes, as these may underlie phenotypic differences such as the sporophyte development frequency. We find 10 such proteins (Table 1) , with PPM3 (Pp3c14_22180V3.1), a member of the moss-specific MADS-box containing subfamily MIKC* (Barker and Ashton, 2013), among them. Members of this subfamily regulate pollen development in Arabidopsis thaliana (Gramzow and Theissen, 2010) , and therefore could be involved in the development of moss spores, which represent a developmentally analogous structure (Brown and Lemmon, 2011; Daku et al., 2016; Vesty et al., 2016) .
We also find a member of the GRAS TF family among the DEGs. The proteins of this family share the GRAS DNA-binding domain (Li et al., 2016) , whereas the N- terminal parts are predicted to contain molecular recognition features (Morfs) that are important for protein-protein interactions (Sun et al., 2011) . GRAS family members are responsible for regulating different plant growth and development steps (Bolle, 2004) , and some activate meiosis-specific genes (Morohashi et al., 2003) . The intron-less GRAS gene Pp3c2_20930V3.1, encoding a 770 amino acid protein, is expressed at a fourfold lower level in Reute adult gametophores than in Gransden ( Figure S3 ; Table 1 ). In the Gransden ecotype, Pp3c2_20930V3.1 is more strongly expressed in protoplasts and under UV-B treatment (Figure S4 ), but does not show reduced expression during the development of sexual organs (i.e. in adult gametophores). Variation in expression can also be seen in the novel Reute array data presented here (Figure 3) . Interestingly, the pronounced decrease in expression of this gene in Reute during the development of sexual organs is not visible to this extent in Gransden. Differences between the ecotypes with regards to the frequency of sporophyte development might thus be associated with this GRAS TFs.
In summary, 10 TFs/TRs are differentially regulated between the ecotypes and are good candidates for investigating the differences in frequency of sporophyte development.
Expression profiling of Reute developmental stages
Upstream regulators such as TFs/TRs often control downstream effector genes that execute the actual phenotypic alterations: here, we focus on such output genes. As we were interested in the sporophyte development of Reute, we generated NimbleGen microarray data for different stages of development: gametophores without gametangia (juvenile), with gametangia (adult), and green sporophytes (developing, pre-meiotic; PM in Figure 2 ) as well as brown sporophytes (mature, post-meiotic; B in Figure 2 ). DEGs were computed in pairwise fashion along the developmental progression (Figure 4 ). We find a high number of DEGs between juvenile and adult gametophores (6021), and also between adult gametophores and green sporophytes (2492). Between green and brown sporophytes we find 313 DEGs.
We focused on genes showing differential expression between adult gametophores and green sporophytes in the Reute ecotype, as this developmental step seems to be affected in the Gransden ecotype. We specifically examined only genes showing differences between the Gransden and Reute ecotypes. We identified 41 genes, 36 of which are expressed at a lower level in the Reute ecotype relative to Gransden (Appendix S2). For selected genes we confirmed the expression profile during sporophyte development by qPCR ( Figure 5) .
Two of the 10 differentially expressed TFs/TRs between Gransden and Reute (MADS, Pp3c14_22180V3.1; AP2/ EREBP, Pp3c13_3830V3.1) also show differential expression during sporophyte development. Aside from that, the list contains genes that are predicted to code for cell wall-modifying enzymes like pectin methylesterase (Pp3c5_ 23400V3.1) and xylosyltransferase (Pp3c23_380V3.1). Both genes show a stronger expression in adult gametophores than in green and brown sporophytes, suggesting that their products are more active during the late gametophytic c stage. As the development of the sporophyte involves cell wall restructuring (O'Donoghue et al., 2013) , the observed expression differences may contribute to the phenotypic differences.
We further find three DEGs that belong to the chalcone synthase (CHS) gene family ( Figure S4 ), namely Pp3c2_32400V3.1 (CHS1a), Pp3c2_32960V3.2 (CHS10 PpASCL; Figure 6 ) and Pp3c11_2990V1.1 (CHS4; see Table S5 for ID). Chalcone synthases (CHS) catalyze one of the first steps of flavonoid biosynthesis, and are encoded by an expanded gene family in P. patens (Koduri et al., 2010; Wolf et al., 2010) . The CHS genes Pp3c2_30620V3.1 (CHS01), Pp3c2_32400V3.1 (CHS1a) and Pp3c2_32320V3.1 (CHS1c; cf. Figure S6 ) were found to be induced after UV-B treatment, and are suggested to function as a molecular sunscreen (Wolf et al., 2010) ; all three genes are less expressed under drought (Stevenson et al., 2016) . Here, we find CHS1a to be repressed in brown sporophytes, with a higher expression in all other stages analyzed, namely juvenile gametophores, adult gametophores and green sporophytes ( Figure 6 ). In contrast to CHS1a, CHS10 is induced in green sporophytes as compared with the other three developmental stages, which is also supported by the qPCR analysis ( Figure 5 ). This gene is a functional ortholog of the A. thaliana type-III polyketide synthase A (PKSA) belonging to the anther-specific chalcone synthaselike (ASCL) genes, and has been shown to be part of the sporopollenin biosynthesis pathway in P. patens (Colpitts et al., 2011; Daku et al., 2016) . The repression of the UV-B induced CHS1a/Pp3c2_32400V3.1 accompanied by the induction of the spore coat formation gene Pp3c2_32960V3.2 suggests that biosynthesis of UV-B absorbing quercetin and related flavonoids (Wolf et al., 2010) is no longer needed once sporopollenin is formed. At the same time, the lower expression of CHS1a might be associated with dehydration of the maturing sporophyte.
Genetic variation among Villersexel, Reute and Gransden
To determine the potential genetic basis for the observed expression and phenotypic differences, we analysed genetic variation of the ecotypes using novel Reute genomic DNA data. Reute and Villersexel can be crossed with each other and with Gransden; however, based on selected markers the genetic distance between Villersexel and Gransden is much greater than between Reute and Gransden (McDaniel et al., 2010) . Among different European accessions Villersexel appears most genetically divergent from Gransden (Kamisugi et al., 2008) . With the Reute ecotype we present an alternative ecotype with a genetically closer Gransden, yet suitable for both 'forward' (mapbased) and 'reverse' genetics approaches. The lower number of polymorphisms makes reverse-genetics approaches based on the Gransden reference genome easier. We sequenced genomic DNA from Reute gametophores to assess the precise genetic distance by evaluating all single-nucleotide polymorphisms (SNPs) and indels. Comparison of Reute genomic DNA (gDNA) sequence data with the Gransden reference genome identified 264 782 SNPs and 16 292 indels (7874 insertions; 8418 deletions), resulting in a polymorphism density of one SNP every 1783 bases and one indel every 28 857 bases. For Villersexel we find 2 497 294 SNPs and 172 833 indels (77 522 insertions; 95 311 deletions), resulting in a density of one SNP every 188 bases and one indel every 2724 bases. SNP densities between A. thaliana ecotypes have been shown to occur between one SNP per 149 bp and one SNP per 285 bp (Cao et al., 2011) , similar to the densities found in Villersexel, which is surprising given that the rate of mutation fixation is lower in P. patens (Rensing et al., 2007) . Reute exhibits an almost 10-fold lower SNP density than Villersexel, although the two collection sites are only 100 km apart geographically, with a negligible difference in latitude, but separated by a mountain range. Reute is found on a field that is regularly plowed in autumn, and Villersexel is found at a dried fish pond, a location that is also regularly flooded. Environmental/microclimatic differences at the two sites might differ, however. The discrepancy between genetic and geographical distance may be explained by the distribution of P. patens spores via migrating birds that has been proposed recently (Beike et al., 2014) .
We find that most SNPs and indels fall into intergenic regions (about 80%, see Table 2 ( 15 178 The Reute SNPs and indels are unevenly distributed on the chromosomes, with several areas of higher SNP density being evident (Figure 7) . We selected areas that show significantly higher SNP density (false discovery rate (FDR) corrected P < 0.01, see Experimental procedures for details; Table S6 ), and chose the longest two regions, located on chromosomes 8 and 19, for closer inspection. Within the 1-Mbp peak region on chromosome 8 we find 21 gene models, three of which contain SNPs in their coding sequence; for the 1.7-Mbp peak on chromosome 19 we find 72 gene models, 28 with an SNP in their coding sequence (CDS). For six gene models of the chromosome-8 peak and 11 gene models of the chromosome-19 peak we find close paralogs (BLAST hits with ≥90% identity and length ≥90 aa), often on the same chromosome. Such paralogs, some of them tandemly arrayed genes, can help to provide higher gene-product dosage and might be subject to concerted evolution by gene conversion, in which one copy is 'overwritten' by homologous recombination using the other copy as a template . Interestingly, in Reute as well as in Gransden we find three CHS pairs that show identical protein sequences and are located close to their respective partner on chromosomes 2 and 19 (Pp3c2_32400V3.3/ CHS1a and Pp3c2_32320V3.3/CHS1c, Pp3c2_36170V3.3/ CHS2b.1 and Pp3c2_36290V3.3/CHS2c, Pp3c19_6320V3.3/ CHS3.1 and Pp3c19_6330V3.3/CHS3.3), potentially providing higher gene dosage via concerted evolution.
Gene ontology (GO) bias analysis of the genes in the peak regions versus all genes finds diverse GO terms overrepresented in the 21 gene models from chromosome 8, e.g. thioredoxin biosynthesis, mRNA processing and superoxide responses. The 72 gene models on chromosome 19 show an over-representation of genes, e.g. involved in cyanate biosynthesis and mitochondrial electron transport (for a full list of GO terms and gene IDs see Tables S7 and S8 ). Hence, many of the genes in the two SNP hot spots are potentially involved in radical scavenging. This could be an adaptation to environmental conditions that are characterized by higher levels of photonic radiation, as a result of the more southerly latitude and less average cloud cover.
The late embryogenesis abundant 1 (LEA1) gene Pp3c22_8970V3.2 contains a premature stop codon in the first exon. It is expressed, but the gene product does not seem to be necessary for normal growth and development (Kamisugi and Cuming, 2005) . The SNP causing the premature stop codon is present in Reute, but not in Villersexel, where a CAG is present, demonstrating again that Reute is genetically closer to Gransden than Villersexel, and that genetic variation of this particular gene varies among ecotypes.
Reute pseudoreference genome and genes under selection
In order to determine genes under selection, and to make Reute more useful for the community, Reute SNP and deletion data were incorporated into the Gransden reference genome sequence to create a 'pseudogenomic sequence' that can be used for Basic Local Alignment Search Tool (BLAST) searches, phylogenetic analysis or planning of reverse-genetics experiments (available at http://plantc o.de/ReutePseudogenome.fa). From the pseudogenome we calculated the ratio of non-synonymous/synonymous (K a /K s ) substitutions between Gransden and Reute, which was possible for 320 genes, and focused on the top and bottom 5% (16 genes each). In the top 5% we found 15 genes showing a K a /K s ratio larger than 2 (Table S9) , and therefore these genes could be candidates to evolve under positive Darwinian selection.
In conclusion, Reute shows several SNP hot spots that also contain genes with changed coding sequences. Based on the two ecotypes, a number of Reute genes might be subject to positive (Darwinian) selection, which in turn could reflect adaptation to a slightly different niche.
Determination of a robust set of genes differentially expressed in the P. patens sporophyte
Comparison of cross-platform and cross-ecotype data is notoriously difficult. In order to learn whether there is a robust set of genes that are differentially expressed in sporophytes, we analysed all available data sets. Gene expression for green and brown sporophytes from Reute was measured via microarray in this study and via RNAseq by the JGI Gene Atlas project (http://jgi.doe.gov/our-sc ience/science-programs/plant-genomics/plant-flagship-ge nomes/). We compared the DEGs derived from both technologies between green and mature sporophytes (Figure 1e , PM/M and B; Appendix S2). For genes with higher expression in mature sporophytes we found 32 genes via the array and 526 genes via RNA-seq data, 15 of which overlap. For genes with lower expression, the array detects 281 and RNA-seq detects 1030 genes, with an overlap of 129. GO annotation for the 15 more highly expressed genes in the overlap shows over-represented categories including 'reproductive structure development' and 'postembryonic development' (Figure S5 ), in accordance with expectations. The fraction of DEGs that overlap between the two platforms is comparable with other studies; in general some technology-specific differences identified by microarray and RNA-seq analyses are common (Marioni et al., 2008; Zhao et al., 2014) . Nevertheless, combining results obtained with different technologies results in a high-confidence set of genes involved in the examined developmental stage or perturbation. In summary, we have defined a robust set of DEGs during Reute sporophyte maturation.
Conclusions
In comparing the P. patens ecotypes Gransden, Reute and Villersexel we observe a~15-fold difference in the number of sporophytes that develop under standardized conditions, with Gransden showing just a few, compared with Reute and Villersexel. The reduced Gransden rate may, however, not represent the natural trait, as Gransden has been cultivated under lab conditions for longer time periods than Reute and Villersexel. We do not observe any gross morphological differences during gametangia and sporophyte development; however, several hundred genes are differentially expressed between Gransden and Reute, including transcription factors that are known to control developmental processes, members of the CHS family potentially involved in spore (coat) development, and genes encoding cell wall modification enzymes. We provide a detailed description of gametangia and sporophyte development, and show Reute to be in accordance with previous descriptions of P. patens; however, the Reute genome contains hot spots of genetic variation as well as genes under positive selection.
The Reute ecotype thus combines the advantages of high fertility for forward genetics with the capacity for gene targeting of P. patens, enabling studies of the whole life cycle. The Reute ecotype is already used by several labs, and has successfully been used for transient and stable transfections. To facilitate these applications we provide a pseudogenomic sequence as well as a set of expression profiling data. Using cross-platform data we define a confident set of 15 genes expressed in mature sporophytes that can be used, for example as expression markers.
EXPERIMENTAL PROCEDURES Plant material
Physcomitrella patens ecotypes Gransden , Reute and Villersexel (von Stackelberg et al., 2006) were cultivated on solidified [1% (w/v) agar] mineral medium (Knop's medium; Knop, 1868) , on 9-cm Petri dishes enclosed by laboratory film, and maintained at 22°C with a 16-h light/8-h dark regime under 70 lmol m À2 s À1 white light (long-day conditions), as previously described (Hiss et al., 2014) . All ecotypes are available at the international moss stock center (IMSC, http://www.moss-stock-center. org) or from the authors upon request. For sporophyte induction, Petri dishes were transferred to 16°C with an 8-h dark/16-h light regime under 20 lmol m À2 s À1 white light (short-day conditions), as described by Hohe et al. (2002) , but using medium without supplements. For sporophyte production, 10 gametophores per Petri dish were evenly distributed into the agar and grown under longday conditions. After moving the plates to short-day conditions, plants were assessed for gametangia appearance and subsequently watered with sterile tap water (Hohe et al., 2002) . As fertilization requires water, this procedure ensures a high rate of synchronization of sporophyte development. Fertilization does not regularly occur under the conditions applied here (including eightfold air exchange per hour and the use of laboratory film to wrap the dishes, allowing gas exchange), as not much condensing water drops onto the gametophores.
Counting sporophytes per gametophore and statistical analysis
To determine sporophyte development rates, a minimum of five replicate plates were set up as described above for each ecotype. After a minimum of 30 days after watering (30 daw), sporophytes per gametophore were counted (all developmental stages that could be clearly determined as a sporophyte were taken into account) and summarized per plant. Wilcoxon rank tests were performed in R (R Development Core Team, 2008) using the function 'Wilcox.test'. Box plots with added distribution of measurements were generated in R using the function 'boxplot' and the additional package 'caroline', with its function 'violins' (Schruth, 2012) .
Acetocarmine staining
Staining was performed using the method described by Belling (1921) . Briefly, acetocarmine staining solution was prepared with 350 ml acetic acid, 650 ml water and 20 g acetocarmine, boiled until completely dissolved, filtered and stored in the dark at room temperature 20-24°C. Sporophytes were fixed for a minimum of 24 h in ethanol/acetic acid (3:1). To stain, fixed tissue was transferred to a microscope slide and squashed to release sporophyte contents; embryonic content was prepared manually using a binocular microscope and forceps. A few drops of staining solution were added and stained for 10 min before image analysis.
Microscopic imaging of gametangia and sporophytes
The preparation of gametangia was performed using a binocular microscope (S8Apo with MC170HD camera; Leica, http://www.lei ca.com). Microscopic images were taken with an upright DM6000 microscope (Leica; camera DFC295). Microscopy pictures were processed using Photoshop CC (Adobe Systems Software Ireland Ltd). The brightness and contrast of light microscopy pictures was adjusted, and cryo-SEM images were false colored for enhanced visibility.
Cryo-SEM analysis of gametangia and sporophyte
For analysis a Philips XL30 ESEM with Cryo Preparation Unit Gatan Alto 2500 was used. Prepared plant material was applied to the specimen holder with freeze-hardening glue and biological samples were preserved by fast-freezing in liquid nitrogen. Afterwards the specimen holder was inserted into the sputter chamber and coated with gold.
DNA isolation
Genomic DNA was isolated from plant material according to a modified Dellaporta protocol (Dellaporta et al., 1983) . After the isopropanol precipitation the dry pellet was dissolved in 700 ll TE buffer (pH 8), 1-3 ll RNaseA (10 mg ml
À1
) was added and incubated for 10 min at 37°C. To purify the DNA, 600 ll phenol/chloroform 1:1 was added, mixed, centrifuged at 10 000 g for 1 min and the aqueous phase extracted. To this phase 600 ll chloroform/ isoamylalcohol 24:1 was added, mixed, centrifuged at 10 000 g for 1 min and the aqueous phase extracted. To precipitate the DNA, 70 ll 3 M Na-acetate and 500 ll isopropanol were added, mixed and centrifuged at 10 000 g for 10 min. The pellet was washed with 1 ml 70% ethanol, dried and subsequently dissolved in deionized water. Concentration and quality was tested with the Nanodrop 1000 (ThermoFisher Scientific, http://www.thermofishe r.com) and by agarose gel electrophoresis.
RNA isolation
RNA was isolated from plant material using the RNeasy Plant Micro Kit (Qiagen, http://www.qiagen.com), following the manufacturer's instructions. RNA concentration and size distribution was tested on the 2100 Bioanalyzer (Agilent Technologies, http:// www.agilent.com) with the Agilent RNA 6000 Nano Kit to determine quantity and quality.
NGS analysis
Sequencing data from genomic DNA were retrieved from NCBI SRA in the case of P. patens accession Villersexel (SRX030894). For the P. patens accession Reute genomic DNA was extracted from gametophores and sequenced on one lane of the Illumina HiSeq 2500 (100-nt paired end) at the Max Planck-Genome-centre Cologne (http://mpgc.mpipz.mpg.de). The library was prepared according to the Illumina TruSeq protocol with an insert size of 300-400 bp. For Villersexel we started with 201 288 783 paired end reads (SRA: SRX030894), and for Reute we started with 150 711 864 paired end reads (SRA: SRX1528135). Read quality and trimming efficiency was evaluated with FASTQC 0.11.2 (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc). All sequence data were trimmed with TRIMMOMATIC 0.32 (Bolger et al., 2014) After trimming we used 144 872 394 paired end reads for Villersexel and 145 604 667 paired end reads for Reute, for mapping.
All mapping steps were performed with GSNAP 2014-10-22 (Wu and Nacu, 2010) , with default parameters. Trimmed reads were mapped against the chloroplast genome (NC_005087.1). Mapped reads were removed from the read pool and the same procedure was repeated for the mitochondrial genome (NC_007945.1) and the ribosomal rRNA genes (HM751653.1, X80986.1, X98013.1). After these steps the reads were mapped against the P. patens genome assembly V3 (DoE-JGI, http://phytozome.jgi.doe.gov). Duplicate reads were removed with SAMTOOLS RMDUP (Li et al., 2009) Intersections between.vcf files were extracted with BCFTOOLS 1.2 (http://samtools.github.io/bcftools/bcftools.html). Indel events and SNP events were separated with GATK SELECTVARIANTS. Only homozygous SNPs were used for further analysis because P. patens is a haploid organism, and only homozygous SNPs are expected.
Variants were annotated with SNPEFF 4.1 g (Cingolani et al., 2012) using the COSMOSS 3.1 (https://www.cosmoss.org/physcome_ project/wiki/Genome_Annotation/V3.1) gene annotation.
Depending on the SNP calling tool employed, we found 3-4 million SNPs between Gransden and Villersexel in the unfiltered data. The overlap of the GATK and SAMTOOLS SNP callers contains almost 1.9 million SNPs and 8900 insertions/deletions (indels). To test the sensitivity of our approach we used a set of 4650 SNPs from the Villersexel accession that were confirmed by an SNP bead array (Appendix S1). Of the SNP array probes, 4628 can be mapped to the V3 genome assembly, and each of the SNP callers (GATK, SAMTOOLS) calls >90% of these test sets on the Villersexel data, showing that the approach used is highly sensitive. Throughout the manuscript we use the data set from the GATK SNP calling because GATK has a quality recalibration step and performs realignment around insertions and deletions.
For the ecotype Reute at each SNP position the corresponding reference allele was replaced by the alternative allele, producing pseudo-chromosome sequences. Using the COSMOSS 3.1 gene annotations, coding sequences were extracted for each gene model and codon alignments were generated for Gransden and Reute. Subsequently, synonymous and non-synonymous nucleotide diversity was calculated using the Yang and Nielson method, as implemented in KAKS_CALCULATOR (Wang et al., 2010) . For chromosome-wide plots a sliding window approach (window size, 500 kbp; jump size, 400 kbp) was used and nucleotide diversity values were calculated with VARISCAN (Hutter et al., 2006) .
SNP peak detection
Window-wise (50 kbp with 10-kbp overlap), SNP numbers were extracted from the 'pseudogenome' FASTA file by a custom R script. The R functions fisher.test and p.adjust (method = 'hochberg') were used to select fragments that show a significantly (adjusted P value < 0.01) higher SNP number than the chromosome average. An SNP hot spot was called if at least five adjacent fragments showed a significantly higher SNP number.
Microarray analyses
The NimbleGen 12 9 135k DNA microarray covers 32 851 transcripts, with a total of 130 221 probes in 32 741 probe sets (for 99.66% of the transcripts), of which 353 (1.07%) map redundantly and 87 (0.26%) contain fewer than four probes. Besides the v1.6 transcripts, spikes and negative controls were included, as were 580 v1.2 gene models that lack a v1.6 equivalent but were shown to be differentially expressed based on existing Combimatrix microarray data.
About 200 ng of total RNA was reverse transcribed and amplified using the WTA Kit (Sigma-Aldrich, https://www.sigmaaldric h.com). One microgram of cDNA was labeled with Cy3 according to the NimbleGen One-Color DNA Labeling Kit (Roche, http:// www.roche.com); 4 lg of labeled cDNA was used for hybridization on the NimbleGen 12 9 135k DNA microarray, probe design OID33087 (Roche), according to the manufacturers' protocol using the NimbleGen Hybridization Kit (Roche). The NimbleGen Wash Buffer Kit (Roche) was used to prepare the slide for scanning.
The arrays were imaged using a laser scanner Agilent G2565CA Microarray Scanner System (Agilent Technologies). The image of the arrays was cut into single array images using NIMBLESCAN 2.5 (Roche), and the pixel intensities were extracted with the same software.
Microarray expression data were analyzed with ANALYST 7.5 (Genedata, https://www.genedata.com). Median condensed probe set expression values were quantile-normalized and analyzed further, as previously described (Wolf et al., 2010) . Box plots, hierarchical clustering ( Figures S6, S7 ) and CyberT test analyses were performed with R (R Development Core Team, 2008).
Quantitative real-time PCR (qPCR)
For validation of genes found to be differentially expressed in the microarray data, the treatment of P. patens, harvesting and RNA extraction was carried out as described above. cDNA was synthesized using the Superscript III kit (Life Technologies, now ThermoFisher Scientific, http://www.thermofisher.com) following the manufacturers' protocol. Real-time qPCR was carried out using the SensiMix SYBR green No-ROX kit (Bioline, http://www.bio line.com) with a 10-lL reaction volume. Primers were designed with PRIMER 3, aiming at an annealing temperature of around 60°C for all primers and 3 0 clamp and intron-spanning, where applicable (Koressaar and Remm, 2007; Untergasser et al., 2012) , and checked for a single genomic locus via BLAST (cosmoss.org; see Table S3 for primer sequences). Melting curve analysis and nontemplate controls (NTCs) were carried out routinely to ensure the product specificity of individual reactions. After qPCR, reactions with multiple products were not taken into account for further analysis. Data were analyzed with Microsoft Excel 2010, applying the DDC t method. Expression rates were normalized for variation against the reference gene, a thioredoxin (Pp3c19_1800V3.1), which showed the smallest deviation among a broad range of microarray experiments, including juvenile gametophores, adult gametophores, and green and brown sporophytes (Hiss et al., 2014) . For the selection of candidate genes and primer sequences, see Table S2 .
ID conversion
Throughout the text the most recent COSMOSS 3.3 gene identifiers (CGIs) are used. Table S4 shows the corresponding CGIs for the v1.6 annotation and Phypa-IDs (v1.2 annotation) for all genes discussed here.
Gene ontology (GO) analyses and visualization
The GO bias analyses used Fisher's exact test to calculate P values, as described previously (Widiez et al., 2014) . Multiple testingcorrected (Benjamini and Hochberg, 1995 ) q values were calculated in R with the function p.adjust (R Development Core Team, 2008) . Word-cloud visualizations were created using the online tool WORDLE (http://www.wordle.net). The size of the word is proportional to the -log10(q value), and over-represented GO terms were colored dark green if q ≤ 0.0001 and light green if q > 0.0001. Under-represented GO terms were colored dark red if q ≤ 0.0001 and light red if q > 0.0001.
CIRCOS plots
For the integrative visualization of the individual genomic features one karyotype ideogram was created and tracks were plotted with CIRCOS 0.67-6 (Krzywinski et al., 2009) . Chromosomes were split into smaller windows (window size, 500 kbp; window overlaps/ jumps, 400 kbp) using values window averages (VWAs), normalized by scaling between a range of 0 and 1 per chromosome using the following equation:
normalized window averagechr vwaichr ¼ vwaichr À vwachrminvwachrmax À vwachrmin:
ACCESSION NUMBERS
NimbleGen microarray data for juvenile and adult gametophores, and green and brown sporophytes, are available at ArrayExpress: E-MTAB-4630 (http://www.ebi.ac.uk/arrayexpress). Published data for brown sporophytes (Becker lab): E-MTAB-3069. Combimatrix microarray data for brown sporophytes were deposited at ArrayExpress: E-MTAB-916.
Reute gDNA raw data have been made available via the Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra; SRP068341).
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